Halomonas sp. Y2 is a halotolerant alkaliphilic strain from Na ؉ -rich pulp mill wastewater with high alkalinity (pH >11.0). Transcriptome analysis of this isolate revealed this strain may use various transport systems for pH homeostasis. In particular, the genes encoding four putative Na ؉ /H ؉ antiporters were differentially expressed upon acidic or alkaline conditions. Further evidence, from heterologous expression and mutant studies, suggested that Halomonas sp. Y2 employs its Na ؉ /H ؉ antiporters in a labor division way to deal with saline and alkaline environments. Ha-NhaD2 displayed robust Na ؉ (Li ؉ ) resistance and high transport activities in Escherichia coli; a ⌬Ha-nhaD2 mutant exhibited growth inhibition at high Na ؉ (Li ؉ ) concentrations at pH values of 6.2, 8.0, and 10.0, suggesting its physiological role in osmotic homeostasis. In contrast, Ha-NhaD1 showed much weaker activities in ion exporting and pH homeostasis. Ha-Mrp displayed a combination of properties similar to those of Mrp transporters from some Bacillus alkaliphiles and neutrophiles. This conferred obvious Na ؉ (Li ؉ , K ؉ ) resistance in E. coli-deficient strains, as those ion transport spectra of some neutrophil Mrp antiporters. Conversely, similar to the Bacillus alkaliphiles, Ha-Mrp showed central roles in the pH homeostasis of Halomonas sp. Y2. An Ha-mrp-disrupted mutant was seriously inhibited by high concentrations of Na ؉ (Li ؉ , K ؉ ) but only under alkaline conditions. Ha-NhaP was determined to be a K ؉ /H ؉ antiporter and shown to confer strong K ؉ resistance both at acidic and alkaline stresses. 3 The abbreviations used are: CPA, cation/proton antiporters; DEG, differentially expressed gene; COG, clusters of orthologous groups of protein; FPKM, fragments per kilobase per million reads; FDR, false discovery rate; FC, fold change.
It is well known that microbial cells have evolved mechanisms to regulate ion and pH homeostasis in response to developmental cues and to adapt to constantly changing environments (1) . Considerable efforts have been dedicated to understand the adaptive mechanisms of osmotic and pH homeostasis in different microorganisms (2, 3) . Prokaryotes have developed multilevel adaptive strategies in response to alkaline and saline stress, including regulated adjustments of cell wall structure, plasma membrane lipid composition, membrane transport systems, bioenergetics, and osmoregulation (4) . To adapt to environmental stresses, common strategies are shared among diverse organisms, whereas specific adaptive mechanisms have also been developed by some bacteria to deal with extreme environments (5) . For example, by up-regulating deaminases, ATP synthase, and the microaerophilic cytochrome d oxidoreductase, Escherichia coli alters its metabolism to generate acids in the cytoplasm in response to high external pH (3) . In alkaliphilic Bacillus sp., a Na ϩ transport cycle is coupled to cytoplasmic proton accumulation, which has an indispensable role in pH homeostasis (6) .
A major strategy for bacterial pH homeostasis is the use of transporters that catalyze active proton transport (7) , resulting in the efflux of intracellular monovalent cations (such as Na ϩ , K ϩ , and Li ϩ ) in exchange for external protons. This process has an essential role in reducing the cytoplasmic concentration of toxic cations and in supporting Na ϩ /K ϩ -dependent cytoplasmic pH homeostasis under alkaline conditions (6, 8) . Most of Na ϩ (K ϩ )/H ϩ exchangers are monovalent antiporters and are part of the large cation/proton antiporters (CPA) 3 superfamily, which includes CPA1 and CPA2 (TC 2.A.36 and 2.A.37), and the Nha (Na ϩ /H ϩ ) family, which includes NhaA, NhaB, NhaC, and NhaD (9) . Mrp-type antiporters, classified as the CPA3 subfamily of the CPA family, are produced by operons consisting of six or seven genes (10) . Bacteria generally have several cation/proton antiporters that can be used in response to environmental stress (9) . It has been proposed that different antiporters have different functions in ion and pH homeostasis, such as the NhaA and NhaB antiporters of E. coli. Ec-NhaA functions best in an alkaline environment, whereas Ec-NhaB is more active in neutral environments (11) . It was previously demonstrated that NhaA is the key Na ϩ /H ϩ antiporter of E. coli and many other enterobacteria (12) , whereas the hetero-oligomeric Mrp antiporter, present in some alkaliphilic Bacillus sp., has an indispensable role at high pH values (7) . Membrane transport systems have been extensively studied in neutrophilic, halophilic, and alkaliphilic bacteria, but less is known about these systems in obligate polyextremophiles. Mesbah et al. (13) investigated 12 monovalent antiporters in the halophilic alkalithermophile Natranaerobius thermophilus draft genome, including eight NhaC type, two CPA1 antiporters, one CPA2, and one novel Nha antiporter. Eight proteins were found to complement the Na ϩ -sensitive phenotype of the E. coli KNabc strain functionally, and the other four were able to complement K ϩ -uptake deficiency of E. coli TK2420.
Halophilic and alkaliphilic bacteria have been isolated from many different environments, including soda lakes, soils, and environments contaminated by human activity (6) . As alkaline environments often have a high salt content, especially soda lakes (14) , double extremophiles, specifically haloalkaliphilic bacteria, are mainly distributed in saline niches. A wealth of taxonomic and ecological information has been obtained on haloalkaliphiles from soda lakes. However, the adaptations required for growth in these conditions is less clear (4) .
Halomonas sp. Y2, which was deposited at the China Center for Type Culture Collection (CCTCC M208188), is a halotolerant and alkaliphilic strain that was isolated from alkaline pulp mill wastewater of high sodium content (15) . It grows in broad NaCl concentrations (0 -200 g liter Ϫ1 ) and pH range (5.0 -11.0), with an optimal NaCl range of 20 -30 g liter Ϫ1 and an optimal pH of 10.0. The strain exhibits excellent ability in alkaline pulp mill wastewater treatment (pH 11.0). Because of the extreme alkaline environment from which Halomonas sp. Y2 was isolated, transcriptome analysis was conducted to investigate the adaptive mechanism of osmotic and pH homeostasis. Furthermore, all four putative monovalent transporters that were identified from its genome and exhibiting different transcriptional expression patterns were physiologically characterized for their contributions to the survival of Halomonas sp. Y2 in saline and alkaline environments.
Results
Transcriptome Changes in Response to Alkaline Stress-The growth of Halomonas sp. Y2 displayed different growth profiles under acidic or alkaline conditions as shown in Fig. 1A . Compared with growth at alkaline conditions, the growth in acid medium (pH 6.21) was apparently delayed, with a 12-h incubation time to mid-exponential growth phase. To investigate the adaptive mechanism of Halomonas sp. Y2 to alkaline environment, Illumina PE libraries were constructed for transcriptional sequencing, using extracted RNA from these three pH samples, which were collected during mid-exponential growth phase.
Transcriptome sequencing revealed various transcriptional responses to alkaline stress (supplemental Table S1-S3). To account for multiple hypothesis testing, false discovery rate (FDR) q-values Ͻ0.005 and ͉logged fold change (logFC)͉ Ն1 were used to identify differentially expressed genes (DEGs). As a result, numerous DEGs were identified from bacteria grown under alkaline stress when compared with transcript levels in acidic medium. The volcano diagrams shown in Fig. 1 , B-D, indicate that significant transcriptional differences occurred between acidic and alkaline stresses, with ϳ1200 DEGs detected when comparing pH 10.17 with 6.21 or pH 8.0 with 6.21. In contrast, when comparing the transcript levels at two alkaline pH values, only 544 DEGs were observed. In total, 782 DEGs were shared between pH 10.17 and 8.0 samples, whereas only ϳ380 DEGs were found during both acid and alkaline stresses.
As shown in Table 1 , the DEGs to 21 predicated pathways were assigned with analysis based on Clusters of Orthologous Groups of proteins (COG). Upon comparison of DEGs at pH 10.17 with those of 6.21, the genes encoding proteins involved in cell motility, energy production, and conversion and the transport and metabolism of amino acids, lipids, and inorganic ions were predominantly up-regulated in response to alkaline stress. In particular, the up-regulated genes (DUGs) related to amino acid transport and metabolism represented the largest proportion (62 genes, 18.0% of total DUGs) followed by genes encoding energy production and conversion (32 genes, 9.3% of total DUGs). Among the up-regulated genes related to amino acid transport and metabolism, the genes encoding ABC type and branched-chain amino acid transporters showed obviously up-regulation upon alkaline stress. In addition, inorganic ion transport and metabolism-related genes, including many TRAP and ABC type transporting proteins, were up-regulated upon alkaline stress (supplemental Table S1-S3).
Transcriptional Analysis of Four Putative Na ϩ /H ϩ Antiporters-Based on the importance of Na ϩ /H ϩ antiporters in pH homeostasis and Na ϩ enrichment in alkaline pulp mill wastewater, from which Halomonas sp. Y2 was isolated, four putative Na ϩ /H ϩ antiporters identified in the draft genome were further investigated. These antiporters designated as Ha-NhaD1, Ha-NhaD2, Ha-NhaP, and Ha-Mrp exhibited different transcriptional profiles in response to alkaline stress ( Fig. 2A ). Using fragments per kilobase per million reads (FPKM) and log2FC as the criteria for transcriptional differences, the transcript levels of four antiporters under acidic and alkaline conditions were compared. As the Ha-mrp gene encodes a seven-subunit complex, the transcript levels of these seven subunit-encoding genes were analyzed separately. Among these 
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The functional categories were assigned with the STRING database (String version 9.0). FDR values less than 0.005 and ͉logFC͉ Ն1 were used as the threshold to judge differentially up-regulated genes (DUGs) and differentially down-regulated genes (DDGs). subunits, mrpA and mrpD are both large subunits, whereas the other five are much smaller. These seven subunit-encoding genes displayed two different transcriptional responses to alkaline stress; however, there was no significant difference among the three pH samples, with a p value generally higher than 0.05 ( Fig. 2A ). Among three pH values, the five small subunits B, C, and E-G, exhibited the highest transcript levels at pH 10.17. However, both mrpA and mrpD subunits showed a small decrease at higher pH values. The transcript levels of both Ha-nhaD1 and Ha-nhaP exhibited a surprisingly high response to acid stress (pH 6.21). In comparison with other genes, Ha-nhaD1 had a markedly high FPKM value of 391.6 at pH 6.21, with more than a 10-and 5-fold down-regulation at pH 8.0 and 10.17, respectively (data not shown). The normalized log2FC values of pH 8.0 versus 6.21 and pH 10.17 versus 6.21 were Ϫ2.5 and Ϫ2.0, respectively ( Fig.  2A) . Similarly, Ha-nhaP was significantly down-regulated in response to alkaline conditions of pH 8.0 and 10.17. In contrast, Ha-nhaD2 showed obvious up-regulation when comparing alkaline environments to acidic stress. As shown in Fig. 2A , the lowest transcript level was at pH 6.21, whereas a higher level was detected under alkaline stress.
Functional
To verify the pH responses of these four putative antiporters, transcript levels were further confirmed by real time quantitative reverse transcription-PCR (RT-PCR) analysis, with the 16S rRNA gene used as an internal control; the reaction buffer without template DNA was used as a negative control. The relative expressions of the tested genes in the samples were calculated using the 2 Ϫ⌬⌬CT method, by using the average expression levels at pH 6.21 as 1. In some species of Bacillus pseudofirmus OF4 and B. subtilis, mrpA is an essential subunit for the transport activity of Mrp. Therefore, mrpA was used to investigate the transcript expression of Ha-mrp at different pH values; in addition, the small subunit mrpG gene was also used for comparison. In agreement with transcriptome results, these four antiporters presented differential transcription in response to alkaline stress (Fig. 2B ). The transcript levels of mrpA varied marginally between acidic and alkaline conditions, whereas mrpG levels increased upon transition from acidic to alkaline stress. It is notable that Ha-nhaD2 showed a significant up-regulation at both tested alkaline pH values, with a 9-and 5.6-fold increase at pH 8.0 and 10.17, respectively. In agreement with the acid-induced up-regulation of Ha-nhaD1 observed in transcriptome analysis, the highest expression of Ha-nhaD1 was also observed at pH 6.21 by RT-PCR. Regarding Ha-nhaP levels, variations at the three tested pH values were modest, with somewhat reduced expression upon alkaline stress.
Sequence Analysis of Four Putative Na ϩ /H ϩ Antiporters-Among these four antiporters, BLASTP analysis suggested that Ha-NhaD1 and Ha-NhaD2 were closely related with a 72% amino acid sequence identity. They are both homologues of the NhaD antiporters from Alkalimonas amylolytica and Vibrio parahemeolyticus, with ϳ74 and 63% sequence identity, respectively (16, 17) . Another putative Na ϩ /H ϩ antiporter was annotated as unknown but showed ϳ43% sequence identity to the K ϩ (Na ϩ )/H ϩ NhaP-type antiporters from V. parahemeolyticus and Vibrio cholerae (18, 19) and ϳ31% identity to those Na ϩ /H ϩ antiporters of moderately halophilic bacteria, Haloba-cillus dabanensis D-8T and Halobacillus aidingensis AD-6T (20, 21) . The predicted seven subunits of the mrp operon were phylogenetically related to the recently reported Mrp protein from Halomonas zhaodongensis, with ϳ85% identity (22) . In addition, Ha-Mrp was closely related to Mrp from B. pseudofirmus OF4, with 37% identity when comparing MrpA sequences and 48% identity with MrpD sequences (23) . In addition, MrpA and MrpD had a 35 and 48% sequence identity with corresponding proteins from B. subtilis (8) .
Complementation Assay in E. coli KNabc and TK2420 -To confirm the functions of four putative Na ϩ /H ϩ antiporters in cation transport, heterologous expression was carried out in the Na ϩ (K ϩ )/H ϩ antiporter-deficient E. coli KNabc (⌬nhaA, ⌬nhaB, and ⌬chaA). Complementary growth of E. coli KNabc recombinants were tested in LBK medium with different NaCl and LiCl concentrations. Recombinant E. coli KNabc harboring only the vector (pEASY-blunt) was used as a negative control for comparison. As shown in Fig. 3A , KNabc/pEASY control strain showed no growth in the presence of 200 mM NaCl. However, the expression of Ha-mrp and Ha-nhaD2 in E. coli KNabc conferred significant Na ϩ tolerance to this mutant, with apparent growth in the presence of 500 mM NaCl. In contrast, these two antiporters displayed different complementary abilities for Li ϩ tolerance. As shown in Fig. 3B , Ha-NhaD2 conferred significant growth tolerance, whereas Ha-Mrp only exhibited very weak growth at concentrations of Li ϩ below 50 mM. In contrast to the robust complementation of Ha-NhaD2, Ha-NhaD1 exhibited very weak growth complementation under Na ϩ or Li ϩ pressures at pH 7.0. Regarding KNabc/nhaP, no difference was observed between the growth of KNabc/nhaP and the control at any of the tested Na ϩ and Li ϩ concentrations.
To test K ϩ transport abilities, these four antiporters were also expressed in the K ϩ uptake-deficient E. coli mutant TK2420 (⌬kdp, ⌬kup, and ⌬trk). In comparison with the control E. coli TK2420 transformant (carrying only an empty vector), notable complementation was observed in TK2420/ nhaD2 and especially TK2420/nhaD1 clones. As shown in Fig.  3C , significantly enhanced growth was detected in the presence of K ϩ at concentrations lower than 30 mM. In contrast, the expression of Ha-mrp and Ha-nhaP obviously exacerbated the requirement for high levels of K ϩ , as growth was weak when compared with that of the empty vector control at low K ϩ concentrations ( Fig. 3C ). Such growth differences imply that Ha-Mrp and Ha-NhaP possess K ϩ exporting abilities, whereas the other two proteins contribute to K ϩ import, as the K ϩ efflux ability observed in the KefB from A. amylolytica (24) .
To investigate Na ϩ resistance mediated by these antiporters, growth complementation was tested in Na ϩ -enriched LBK medium (200 mM Na ϩ ). As expected, growth inhibition by Na ϩ was more pronounced as the pH increased. As shown in Fig. 3D , KNabc/pEASY (carrying an empty vector) showed weak growth at pH 7.0, and KNabc/nhaP exhibited a similar growth profile. KNabc/nhaD2 showed modest growth complementation from pH 6.0 to 8.0, whereas KNabc/nhaD1 displayed remarkable enhanced growth at pH 6.0; no complementation was detected at other tested pH conditions. In contrast, Ha-Mrp only conferred Na ϩ resistance under neutral or alkaline stress, as no growth complementation was detected at pH 6.0.
Based on the result shown in Fig. 3B , 50 mM Li ϩ was used to investigate the alkaline resistance of KNabc/nhaD1 and KNabc/nhaD2 in LBK medium at different pH values. Based on the weak Li ϩ exporting ability of Ha-Mrp and Ha-NhaP, a lower concentration (20 mM Li ϩ ) was used for KNabc/mrp, KNabc/ nhaP, and KNabc/pEASY for growth at different pH values. Li ϩ growth complementation was also observed to be pH-dependent in the KNabc/nhaD1 assays, with this strain exhibiting a growth preference of acidic stress (Fig. 3E ). Compared with Ha-NhaD1, Ha-NhaD2 strongly impaired the growth of E. coli KNabc at a wide range of pH values (from pH 6.0 to 8.5). In agreement with the poor complementation ability of Ha-Mrp for Li ϩ resistance, only weak complementation was observed in neutral medium of KNabc/mrp. Antiport Activity in Everted Membrane Vesicles of E. coli KNabc-A Na ϩ (Li ϩ )(K ϩ )/H ϩ antiport activity assay was then performed using everted membrane vesicles isolated from E. coli KNabc carrying one of the four antiporters of interest. Vesicles isolated from E. coli KNabc/pEASY were used as a negative control, whereas KNabc/nhaA from E. coli was used as positive control. As expected, no activity was observed in KNabc/pEASY, whereas high activity was detected in KNabc/ nhaA (66.9 and 82.3% dequenchings for 10 mM Na ϩ and Li ϩ at pH 8.0, respectively). As shown in Fig. 4 , despite the phenotypic differences between Ha-NhaD1 and Ha-NhaD2 in terms of Na ϩ and Li ϩ resistance in E. coli KNabc, these antiporters both exhibited similar and strong Na ϩ and Li ϩ transporting abilities at pH 8.0 but were devoid of K ϩ transport activity. Ha-Mrp showed relatively lower Na ϩ and Li ϩ transport activities compared with those of Ha-NhaD1 and Ha-NhaD2. In addition, weak K ϩ transport activity was observed in Ha-Mrp vesicles at pH 8.0. In accordance with growth complementation results, no dequenching signal was detected in vesicles of KNabc/nhaP after the addition of 10 mM Na ϩ or Li ϩ , and minor K ϩ export activity was detected. Such K ϩ transport activity was much lower than that of its reported homologues, such as Vc-NhaP2 from V. cholerae and Aa-NhaP from A. amylolytica (19, 24) .
Contribution of Na ϩ /H ϩ Antiporters to the Survival of Halomonas sp. Y2 in Acidic or Alkaline Environments-Obvious differences among the four Na ϩ /H ϩ antiporters based on transcriptional analyses and transport activity prompted us to further investigate physiological roles of these antiporters in the native membrane. We constructed deletion mutants and compared their growth in LB medium with indicated Na ϩ , Li ϩ , or K ϩ concentrations and at three pH values as shown in Table 2 .
⌬Ha-mrp was more sensitive to high pH environments when in the presence of 15% NaCl; the significant growth inhibition was observed at pH 8.0 and complete imbibition at pH 10.0. In contrast, at high NaCl concentrations the deletion of Ha-nhaD2 resulted in strong growth inhibition at the three pH values tested, especially at pH 10.0. Conversely, the cation sensitivity of strain ⌬Ha-nhaD1 was lower than that of ⌬Ha-nhaD2, which is in agreement with its weak complementation ability for E. coli KNabc.
The four mutants at different pH values exhibited much weaker sensitivity to Li ϩ than for Na ϩ . As shown in Table 2 , only the deletion of Ha-mrp resulted in significant growth inhibition in the presence of 6% LiCl at pH 8.0, although slight inhibition was observed in the ⌬Ha-nhaD2 mutant. Growth at pH 10.0 could not be assessed because Halomonas sp. Y2 was repressed by the presence of Li ϩ ; no growth was observed even in the presence of 0.1% LiCl (data not shown).
In the presence of 2 and 8% KCl, Halomonas sp. Y2 displayed an interesting growth profile at the three pH values. Much better growth was observed at pH 10.0. In agreement with the K ϩ complementation study, the absence of Ha-Mrp and Ha-NhaP resulted in obvious K ϩ sensitivity in Halomonas sp. Y2. As shown in Table 2 , the K ϩ sensitivity of the mrp-disrupted strain was detected only at pH 10.0, implying that K ϩ export by Ha-Mrp is also dependent on alkaline pH. In contrast to Ha-Mrp, the deletion of Ha-nhaP inhibited the growth at all three pH values and with significant growth inhibition observed in the presence of 2% KCl at pH 6.2. Coinciding with an observed absence of K ϩ /H ϩ exporting activity for Ha-NhaD1 and Ha-NhaD2, both ⌬Ha-nhaD1 and ⌬Ha-nhaD2 mutants exhibited similar growth profiles at all three tested pH values.
Discussion
Soda lakes and soda deserts represent the most stable and naturally occurring alkaline environments found worldwide (25) . Different from these natural saline/alkaline environments, pulp mill wastewater generated from NaOH extraction of wheat straw is a special saline and alkaline environment derived from human activity and possessing a very high chemical oxygen demand value. Compared with the soda environments, the wastewater has some similar properties such as high pH (pH Ͼ11.0) and high Na ϩ content (20 g liter Ϫ1 ). However, it is a unique extreme environment with a very high pollution load and more stressful conditions for living organisms (26) . The halotolerant and alkaliphilic Halomonas sp. Y2 isolate was dominant in this harsh environment (27) and attracted our attention for its superior adaptive abilities. As expected, Halomonas sp. Y2 displayed significant transcriptional differences when comparing growth during acidic and alkaline stresses. Based on the transcriptional analyses, Halomonas sp. Y2 was supposed to develop some special mechanism to deal with the alkaline environment, especially expressions of many other transport systems during adaptation to alkaline environments. Based on genomic analysis of Oceanobacillus and Bacillus strains, these transport systems were also proposed to be important for growth in alkaline environments (28 -30) .
It is well established that growth of extremely alkaliphilic Bacillus species at high pH is dependent on the presence of Na ϩ and Na ϩ /H ϩ antiporters. Such transporters have an essential and even dominant role in pH homeostasis in many bacteria (6) . . Antiport activities of antiporters in sub-bacterial vesicles. Fluorescence-based assays were monitored in a buffer containing 10 mM Tris-MES (pH 8.0), 140 mM choline chloride, 5 mM MgCl 2 , 1 M acridine orange, and 60 g of vesicle protein were used in the assay. At the onset of the experiment, 5 mM Tris-L-lactate was added, and the resulting fluorescence quenching was recorded. The antiporter activity was measured from the dequenching of fluorescence upon the subsequent addition of 10 mM Na ϩ , K ϩ , or Li ϩ . KNabc/pEASY carrying the empty vector was used as negative control, and KNabc/nhaA harboring Ec-NhaA was used as positive control. AU, arbitrary units.
TABLE 2 Growth of Halomonas sp. Y2 and antiporter mutants in LB-based medium with different cations and pH values (A 600 nm )
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Sodium enrichment and high alkaline conditions of the pulp mill wastewater prompted us to address the transcriptional response and physiological functions of four putative Na ϩ /H ϩ antiporters in Halomonas sp. Y2. These four antiporters displayed differential and sometimes opposite transcriptional profiles upon acidic and alkaline stresses, which was further confirmed by RT-PCR. At the transcript level, the up-regulation of each Ha-mrp subunit was modest, and even minor down-regulation was detected. In combination with the modest cation transport activities in E. coli KNabc, we first hypothesized that Mrp was not essential for pH homeostasis in the wild type strain. Unexpectedly, in the presence of high concentrations of Na ϩ , Li ϩ , or K ϩ , deletion of mrpF significantly inhibited growth in conditions of high alkalinity, demonstrating that this system has indispensable roles in Na ϩ -, Li ϩ -, and K ϩ -dependent pH homeostasis. In some extremely alkaliphilic Bacillus sp., the unusual hetero-oligomeric Mrp antiporter was found to be indispensable for survival in alkaline environments (5, 6) . In contrast, the dominant antiporter for pH homeostasis in neutrophilic B. subtilis is TetL but not Mrp. Instead, the Mrp system has a dominant role in Na ϩ resistance in this organism (31) . The central role of Ha-Mrp for pH homeostasis is similar to Mrp antiporters in other alkaliphiles (32, 33 (8, 22) . We suspected that these combined properties mediate the ability to survive in environments with high salinity and alkalinity in Halomonas sp. Y2. In contrast to the toxicity conferred by Na ϩ and Li ϩ , it is accepted that K ϩ is essential for bacterial growth. However, it has also been demonstrated that excess K ϩ is detrimental to organisms (34) . Consequently, K ϩ efflux systems are essential for cell growth under conditions of high extracellular K ϩ pressure (18) . Halomonas sp. Y2 exhibited a remarkable and interesting pH-dependent K ϩ efflux activity. In the presence of high concentrations of K ϩ , better growth was observed under high alkalinity. The deletion of Ha-mrp significantly inhibited growth under alkaline stress at pH 10.0, suggesting that Ha-Mrp also has an essential role in K ϩ resistance during pH homeostasis. Ha-NhaP exhibited a relatively weak effect but possessed a broader pH profile, in preventing excessive accumulation of potassium in the cytoplasm. This result was different from the physiological role of Vc-NhaP2 (from V. cholerae), which has a protective effect against K ϩ in acidic but not in alkaline conditions (19) .
The NhaD-type antiporter is widely distributed in many organisms. However, to our knowledge, its transport abilities have so far only been verified in very few halophilic or haloalkaliphilic Proteobacteria. In this study, among the four putative Na ϩ /H ϩ antiporters, the gene encoding Ha-NhaD2 was of particular interest as it was up-regulated during alkaline stress, based on transcriptome and RT-PCR analysis. Furthermore, heterologous expression demonstrated that Ha-NhaD2 exhib-its high Na ϩ (Li ϩ )/H ϩ antiport activities. Kurz et al. (35) have proposed that NhaD-type antiporters have a unique role in conferring resistance to high salinity. Combined with the high cation sensitivity of ⌬Ha-nhaD2 mutant in the presence of high salinity, Ha-NhaD2 in Halomonas sp. Y2 was further evidence for the functions of NhaD-type antiporters in resistance to high salinity. As a homologue of Ha-NhaD2, Ha-NhaD1 exhibited a very similar and high dequenching activity to that of Ha-NhaD2 in the E. coli membrane. Conversely, its ability to confer cation resistance and pH homeostasis to E. coli KNabc and wild type Halomonas sp. Y2 was minimal. As these two NhaD homologues locate or are heterologously expressed in the same strain, but display different in vivo responses to the environmental stress, we suspect that lower expression levels, lower protein stability, or higher hydrophobicity might be explained by sequence variations in Ha-NhaD1.
In summary, as a special double extremophile isolated from alkaline pulp mill wastewater, the halotolerant and alkaliphilic strain Halomonas sp. Y2 may have developed some special strategies in coupling with harsh environments. Especially, as shown in Fig. 5 , the four investigated Na ϩ (K ϩ )/H ϩ antiporters play important but different physiological roles in cation resistance and pH homeostasis. Most bacterial genomes have multiple genes and operons predicted to encode Na ϩ (K ϩ )/H ϩ antiporters (9) . We propose that the reason for this could be due to different functions in coupling various environmental stresses, such as the case for the four antiporters in Halomonas sp. Y2. Some transporters were active in monovalent resistance during high pH conditions, whereas others were activated upon acidic stress by exporting different monovalent cations.
Experimental Procedures
Bacterial Strains, Plasmids, and Growth Conditions-The bacterial strains and plasmids used in this study are listed in Table 3 . Halomonas sp. Y2 was isolated from alkaline pulp mill wastewater previously (15) . To assess the function of the putative Na ϩ /H ϩ antiporters predicted from Halomonas sp. Y2, heterologous expression was carried out in strain E. coli KNabc, an E. coli strain in which the genes encoding the specific Na ϩ /H ϩ antiporters, Ec-nhaA and Ec-nhaB, and the nonspecific Ec-chaA had been inactivated. The triple antiporter-deficient strain is sensitive to 200 mM NaCl and pH values above 8.0 at 37°C (36) . It was used as a host for the complementary assay and membrane vesicle preparation. The K ϩ uptake-deficient E. coli mutant TK2420 (⌬kdp, ⌬kup, and ⌬trk) was also used to test the K ϩ transport ability.
Growth Curves of Halomonas sp. Y2 under Acid or Alkaline Stress-Halomonas sp. Y2 was cultured overnight in LBK medium with 2% NaCl, adjusted to pH 8.0. Bacteria were diluted 100-fold in pH 6.21 (50 mM KH 2 PO 4 -NaOH buffered), pH 8.0 (50 mM Tris-HCl buffered), and pH 10.17 (50 mM NaHCO 3 -NaOH) in LBK medium with 2% NaCl addition and cultured at 37°C by shaking at 180 rpm. Cultures were sampled at intervals for absorbance (A 600 nm ) measurement.
RNA Preparation and Transcriptome Response of Halomonas sp. Y2 to Alkaline Stress-Halomonas sp. Y2 was cultured to its late exponential phase in LBK medium (pH 6.21, 8.0, and 10.17) and used for RNA extraction. Total RNA was extracted utilizing TRIzol reagent according to the manufacturer's instructions (Invitrogen), and genomic DNA was removed using DNase I (TaKaRa). RNA quality was determined by 2100 Bio-Analyzer (Agilent) and quantified using the ND-2000 (Nano-Drop Technologies). High quality RNA samples (A 260/280 nm ϭ 1.8 -2.0 and A 260/230 nm Ն2.0) was used for illumina sequencing.
For illumina HiSeq2500 sequencing, RNA samples were sent to Majorbio (Shanghai, China), and at least 5 g of total RNA was used for Illumina PE library construction (200 -300 bp). The paired end raw reads were trimmed and quality-controlled by Seq PreP and Sickle using default parameters. Then clean reads were separately aligned to the draft genome of Halomonas sp. Y2 with orientation mode using bowtie2 software (37) , and mapping criteria of bowtie were used as follows: sequencing reads should be uniquely matched to the genome allowing up to two mismatches, without insertions or deletions. RSEM was used to quantify gene and isoform abundances (38) . The DEGs between the three pH values samples were identified using EdgeR (39) . The trimmed mean of M-values method was selected to compute normalization factors and DEGs between two samples. Normalized FPKM and log2FC were used to present the expression difference of proteins under acid or alkaline stress. FDR value less than 0.005 and ͉logFC͉ Ն1 were used as the threshold to judge the significance of gene expression difference. Deduced proteins with homologues in other organisms were used to determine the clusters of COG item; the COG functional categories were assigned with the STRING database (String version 9.0).
RT-PCR Analysis-RNA of Halomonas sp. Y2 was extracted and purified as described under "Transcriptional Analysis of Four Putative Na ϩ /H ϩ Antiporters." For each growth condition, three independent biological replicate cultures were tested. First strand cDNA synthesis was performed with 100 ng of total RNA in a reaction mixture of 20 l using a 5ϫ All-In-One RT MasterMix with AccuRT genomic DNA removal kit (ABM). Quantitative PCR was carried out in a MyiQ TM 2 iCycler (two-color real-time PCR detection system) (Bio-Rad) with a Real Master mix kit (SYBR Green, Tiangen). Primers concerned in this part were designed with the Beacon Designer software and are shown in supplemental Table S4 . Data were analyzed by the 2 Ϫ⌬⌬CT method, and 16S rRNA gene from Halomonas sp. Y2 was used as a reference gene in the process. RT-PCR assay was done at least four times for each sample.
DNA Extraction, Cloning, and Plasmids-Genomic DNA of Halomonas sp. Y2 was extracted using the bacterial genomic DNA extraction kit (Promega). The antiporter encoding genes (Ha-mrp, Ha-nhaD1, Ha-nhaD2, and Ha-nhaP) were obtained by PCR using the genomic DNA of Halomonas sp. Y2 as a template. Phusion high-fidelity DNA polymerase (New England Biolabs) and primers listed in supplemental Table S4 were used for cloning by following the proposed protocols.
Four recombinants in E. coli KNabc were designated as KNabc/mrp, KNabc/nhaD1, KNabc/nhaD2, and KNabc/nhaP; recombinants in E. coli TK2420 were designated as TK2420/ mrp, TK2420/nhaD1, TK2420/nhaD2, and TK2420/nhaP, respectively. Strain E. coli DH5␣, E. coli KNabc, E. coli TK2420, Halomonas sp. Y2, and corresponding recombinants were routinely cultured at 37°C in LBK medium in which Na ϩ was replaced by 87 mM K ϩ (pH 7.0), with 100 g ml Ϫ1 ampicillin addition if needed (36) .
Complementation Assays of Transformants of E. coli KNabc or TK2420 -Complementation assay with E. coli KNabc and TK2420 transformants were carried out in LBK liquid medium as described below. To investigate the Na ϩ resistance of four E. coli KNabc recombinants, LBK with defined NaCl concentrations (0, 100, 200, 300, 400, and 500 mM) were used for growth tests. For K ϩ complementary assay, growth of E. coli TK2420 transformants was measured in minimal medium (MM) with different K ϩ concentrations (0, 10, 15, 20, 25, 30, 35, 40 , and 50 mM) at pH 7.0. The MM was prepared following the method described by Epstein and Kim (40) . For Li ϩ resistance analysis, experiments were also performed in LBK medium with supplemented LiCl (0, 5, 10, 50, 100, 150, 200, and 300 mM). To investigate pH adaptation, LBK medium with 200 mM Na ϩ was used for Na ϩ complementation, as well as the supplementation of 20 or 50 mM Li ϩ for complementation at defined Everted Membrane Vesicle Preparation and ⌬pH-dependent Antiport Activity Measurement-Transformants of E. coli KNabc were grown in LBK medium and incubated to 0.6 (A 600 nm ) at 37°C, and then 0.5 mM isopropyl 1-thio-␤-D-galactopyranoside (final concentration) was added and cultured to stationary phase. Everted membrane vesicle was prepared as described previously with slight modifications (41) . In brief, the harvested cells were washed three times with 10 mM Tris-HCl buffer (pH 7.6), containing 140 mM choline chloride, 0.5 mM dithiothreitol, 5 mM MgCl 2 , and 10% glycerol, and then suspended into the same buffer with 10 g ml Ϫ1 DNase I and 0.1 mM phenylmethylsulfonyl fluoride addition. The bacterial suspension was then passed through a French press (Aminco). Unbroken cells were removed by centrifugations at 7000 ϫ g for 15 min. The membrane fraction was collected by ultracentrifugation at 184,000 ϫ g for 90 min at 4°C and then suspended in fresh buffer. The concentration of extracted protein was measured by Bradford reagent using bovine serum albumin (BSA) as a standard. The resulting proteins were stored at Ϫ70°C.
The monocation antiporter activity was measured by acridine orange fluorescence dequenching (36) . Cation addition (Na ϩ , K ϩ , and Li ϩ ) results in dequenching of fluorescence that reflects cation-dependent proton movement out of the inverted membrane vesicles. At the end of the assay, 25 mM ammonium chloride was added to dissipate the remaining protonmotive force (PMF) and bring fluorescence back to baseline. In brief, 2 ml of assay mixture containing 10 mM Tris-MES (pH 7.0 -9.0), 140 mM choline chloride, 5 mM MgCl 2 , 1 M acridine orange, and 60 g of vesicle protein were used in the assay. Respirationdependent formation of the transmembrane pH gradient was initiated by the addition of 5 mM Tris-L-lactate, and the resulting quenching of acridine orange fluorescence was monitored using an F-4600 spectrofluorophotometer with excitation at 480 nm (5-nm slit) and emission at 525 nm (5-nm slit). The antiporter activity was measured from the dequenching of fluorescence upon the subsequent addition of 10 mM Na ϩ , K ϩ , or Li ϩ . The percent dequenching was calculated relative to the initial respiration-dependent quench (17) .
Construction of In-frame Deletion Mutants and Complementation Strains-For gene knock-out, DNA sequences upstream and downstream from the desired genes were joined by recombinant PCR that contained three PCRs to form the defective gene fragments. All the primers used for gene knock-out and complementation are listed in supplemental Table S4 . The final PCR fragments were ligated into the shuttle vector pK18mobsacB and transferred into strain E. coli S17-1. The 489-, 493-, 575-, and 270-bp (the subunit of mrpF) fragments in Ha-nhaD1, Ha-nhaD2, Ha-nhaP, and Ha-mrp, respectively, were in-frame deleted. To promote the homology recombination, the recombinant E. coli S17-1 strains that contained pK18mobsacB with four deletion fragments were cultivated with Halomonas sp. Y2. Then the recombinant strains were selected by LB medium with kanamycin (50 g ml Ϫ1 ) and ampicillin (100 g ml Ϫ1 ). Finally, the resultant mutants were selected by LB medium with 20% sucrose at 37°C.
The intact DNA sequences with the shuttle vector pBBRAMCS-5 were transferred into the deletion strains by the same method as described for the gene knockouts. The resultant complementary mutants were selected by LB medium with gentamicin (50 g ml Ϫ1 ) and ampicillin (100 g ml Ϫ1 ). All mutants were verified by PCR and DNA sequencing.
Growth of Deletion and Complementary Mutants under Different Saline and Alkaline Stress-To test the sensitivity of constructed mutants to alkalinity, these constructed mutants and their parental strain Halomonas sp. Y2 were cultured in LBbased medium at three different pH values (6.2, 8.0, and 10.0). Various concentrations of Na ϩ , Li ϩ , and K ϩ were supplemented as indicated in Table 2 . After 18 h of incubation at 37°C, the optical density (A 600 nm ) was measured. As for the growth of complementary strains, growth under the same conditions was tested.
Nucleotide Sequence Accession Numbers-The draft genome sequence of Halomonas sp. Y2 and the RNA sequencing data have been deposited in NCBI database under accession numbers SRP073747 (DNA sequence) and SRP075842 (RNA sequence). The nucleotide sequences encoding Ha-NhaD1, Ha-NhaD2, Ha-NhaP, and seven subunits encoding genes of Ha-Mrp from Halomonas sp. Y2 have been deposited into the GenBank TM nucleotide sequence database under the accession numbers from KT995460 to KT995469. 
